A new parameter estimation methodology was established for the interpretation of the transient constant-head test to identify the hydrogeological parameters of an aquifer. The proposed method, referred as the area matching process (AMP), is based on linking the field data to the theoretical type curve through a unique area computed above these curves bounded by a user specified integration interval. The proposed method removes the need of superimposition of theoretical type curves and field data collected during the test, which may lead to the unexpected errors in assessing aquifer parameters. The AMP approach was implemented for a number of synthetically generated hypothetical test data augmented with several random noise levels, which mimic the uncertainty in site measurement together with porous media heterogeneity, and to an actual field data set available in the literature. The estimation performance of the AMP method was also compared with the existing traditional and recently developed techniques. As demonstrated by the conducted test results, the accuracy, reliability, robustness and simplicity of the proposed technique provide significant flexibility in field applications.
INTRODUCTION
A constant-head test is a hydrogeological tool, in which groundwater is extracted by maintaining a constant head in a well, and the aquifer parameters (i.e. hydraulic conductivity, storativity) are estimated from the transient discharge measurements. Compared to the constant-head test, the constant-discharge test is a more frequently utilized technique for investigating the hydrogeological properties (Kruseman & de Ridder ) . However, the use of traditional constantdischarge test may not be convenient, especially in a lowtransmissivity formation, where it leads to the occurrence of a deep cone of drawdown in the vicinity of the pumping well which results in the dewatering of the pumping well in a very short period, therefore, adequate measurements cannot be gathered from the nearby observation wells (Freeze & Cherry ) . On the other hand, this phenomenon is not encountered in the constant-head test, since a fixed water level is maintained at the well; hence this test is more suitable for aquifers of low-transmissivity. Wellbore storage effect is also needed to be considered as an additional unknown parameter in constant-discharge test, whereas this parameter is of no concern in constant-head tests (Mucha & Paulikova ) . Since the head at the well is maintained at a constant level during the test, the head change in the well would not lead to any water release from wellbore storage (Bundschuh & Suárez ) .
The first mathematical model describing the flow behavior under a constant-head test was provided by Jacob & Lohman () . The temporal variation of discharge is formulated by a cumbersome well function in this pioneering solution which involves a number of assumptions: (i) infi-Glover () and Perrochet () . In a more recent work, Chang & Yeh () developed an analytical solution for the constant-head test performed at a partially penetrating well.
Hydraulic parameters from the constant-head test data are traditionally estimated from a curve matching process by superimposing the theoretical type curve (G(α) vs α) and the field data (Q(t) vs t) on a log-log scale (Jacob & Lohman ) . Once the curves are overlapped, a matching point, selected anywhere on the superimposed curves, yields the corresponding Q(t), G(α), α and t. Using these estimated values, transmissivity (T ) and storativity (S) are easily computed. However, an appropriate visual fit may not be attained in practice, as a result of measurement errors during data collection, the paucity in the collected test data, or the presence of heterogeneity. Alternatively, Lohman 
with the initial and boundary conditions given as
where T stands for the aquifer transmissivity, S is the storativity, t is time, r represents the radial coordinate, sis the change in head, s w is the constant head maintained at the well, r w denotes the radius of the well.
The solution for the time-dependent discharge in a constant-head injection test proposed by Jacob & Lohman () is as follows:
where 
The proposed AMP approach was devised to overcome the aforementioned difficulties in the conventional techniques as explained in the Introduction. This technique shares the same logic behind the curve matching method, but it simplifies the entire process by linking a specified area within an integration window (Δ) for both actual field The area of interest for the field curve, shown in Figure 2 (a), can be simply calculated from:
where n is the number of data points to be used. The key parameter for the matching procedure is the integration window, Δ, which gives the logarithmic distance between the initial and the final time levels of the utilized data set:
The AMP method can also be implemented with just selecting two observation points (n ¼ 2) separated with integration window, Δ, instead of employing the whole data set. Under this condition, Equation (7) reduces to the following simplified
where
The corresponding area for the theoretical type curve, as also seen in Figure 2 (b), varies as a function of an unknown α 1 value and the integration window, Δ, as follows:
The basic objective of AMP is to estimate an appropriate value for α 1 by linking the theoretical area obtained from Equation (11) and the area obtained from field curve calculated by employing either Equation (7) or Equation (9). The definite integral in Equation (11) can be approximated by a number of alternative numerical integration schemes. In this particular study, the Composite Trapezoidal Rule is employed to evaluate the integral in concern. Figure 3 demonstrates how α 1 varies with A, for some representative
The dependence of α 1 on A can be generalized by generating an exponential fit model that has the following form:
where a, b, c and d are the coefficients of the fit equation varying with the value of the integration window, Δ. The fit parameters together with the fit statistics are tabulated in Table 1 .
Once α 1 value is obtained, the aquifer transmissivity can be acquired by substituting G(α 1 ) and Q(t 1 ) into Equation (3) aŝ
Knowing the predicted transmissivityT, and substituting Equation (13) into Equation (5), the storativity of the aquifer can be estimated aŝ
The AMP approach could be summarized with the following key steps:
Step 1. The test data set is substituted in Equation (7) to obtain the area, A, that is to be matched. The integration window, Δ, is evaluated by Equation (8). If only two observation points are employed, Equations (9) and (10) can be employed to get A and Δ, respectively.
Step 2. Based on the value of the integration window, Δ, the fit parameters are determined from Table 1 and these parameters with the calculated A value are then substituted in Equation (12) to compute α 1 .
Step 3. α 1 is substituted in Equation (4) (or in Equation (6)) to get the corresponding G(α 1 ).
Step 4. Finally, G(α 1 ) and Q(t 1 ) are substituted into Equation (13) to get the aquifer transmissivity, T, which in turn, is substituted into Equation (14) to obtain the aquifer storativity, S.
RESULTS AND DISCUSSION
The performance of AMP was investigated through the numerical experiments conducted with different aquifer settings. The reliability and the performance of the proposed method were first examined with synthetically generated test data; to which, random noise was introduced in order to mimic the effects of possible measurement errors, fluctuations in the discharge rate, as well as the heterogeneity of the formation on the available test data. The contribution of the integration window on the estimation performance of AMP was also shown. In addition, the proposed method was implemented in numerical experiments, in which six different heterogeneous aquifer scenarios were simulated, in order to elaborate the variation of estimated transmissivity values. Finally, AMP was assessed with a real field test data set from the hydrogeology literature. In these hypothetical test cases, for simplicity, the analyses were undertaken via selecting two points from each data set. As explained in the previous section, the use of more data points inside the integration window would yield more accurate area approximations. The AMP procedure was followed for all available distinct data sets to obtain the estimation results as depicted in Figure 5 and tabulated in Table 2 . The integration intervals employed in this numerical experiment represent different phases of the test data of interest as given in observed and actual data pair can be calculated as
where N is the total number of data,ŷ i is the estimated data value and y i is the actual data value. R 2 value can be given as
As seen through the results, summarized in Table 2 , the estimated transmissivity values match quite well Table 2 show that any arbitrarily chosen integral interval could provide the accurate estimation results which are in good accordance with the generated values. This error metric implies that integration interval does not significantly improve the estimation results. In other words, each integration window could be preferred to identify hydrogeologic properties.
Eventually, regardless of which integration window is preferred, these hypothetical experiments verify that for homogeneous systems, the proposed AMP is capable of estimating aquifer parameters with a high accuracy even if the collected data suffer from substantial noise.
Test case 2: Synthetic data analyses for heterogeneous Using the generated discharge data, the proposed model was applied to successive data pairs corresponding to the time levels t 1 and t 2 ¼ 10 Δ t 1 , where the integration window, Δ, was preferred to be 1. The estimated transmissivity was seen to vary with the selected t 1 value as illustrated in Figure 8 .
In all cases, the estimated transmissivity value was observed to approach to the geometric mean of the transmissivity field as t 1 increases, as shown in Figure 8 . 
Test case 3: Lohman data
The performance of the proposed AMP approach was also verified with a real field data set example of a constant-drawdown test obtained from Artesia Heights well near Grand Junction, Colorado in 1948 (Lohman ) . The radius of the well of interest (r w ) and the constant-head maintained at the well (s w ) were reported to be 0.084 m and 28.14 m, respectively. The test results are tabulated in Table 3 .
As a first experiment, the whole data set, that lies within an integration window, Δ, being approximately equal to 2, was utilized. The proposed methodology described in previous sections produced the output given in Table 4 . To verify the accuracy of the method, the estimated transmissivity and storativity values were substituted in Equation (3) Table 5 . The regenerated discharge values with these estimated formation parameters, as well as the actual discharge data are exhibited in Figure 10 . In addition to the picture portrayed in Figure 10 , the RMSE statistics depicted in Table 5 noticeably demonstrate the advantage of the proposed method in terms of its accuracy.
As a final remark, the capability of AMP was tested with only two observation points utilized in the estimation process. The implementation of the AMP as described in the methodology section obviously becomes much more simplified once the number of employed data is reduced to two. Figure 11 demonstrates the results of four different For heterogeneous aquifer systems, the use of late time data was noticed to provide transmissivity values close to And finally, the parameter estimation capability of the AMP is as high as those of the present alternative methods.
In the light of these findings, the AMP can be evaluated as a viable approach for the interpretation of the transient constant-head test results. In order to simplify and automatize the curve-matching process, the established methodology based on area matching has the potential to be extended to other aquifer types such as leaky or unconfined aquifers.
